ABSTRACT Tobacco glycoprotein (TGP) is a glycoprotein containing rutin-like polyphenol, groups that is purified from cured tobacco leaves and can be detected in condensates of tobacco smoke. One-third of normal humans have been shown to manifest immediate, IgE-mediated, wheal and flare reactions to an intradermal injection of TGP. Rutin-like moieties are also found in a wide variety of vegetable foods. The possible importance of sensitivity to TGP in the. pathogenesis of the vascular and pulmonary complications of tobacco smoking has stimulated us to study the immune response of mice to TGP and the role of rutin groups in influencing isotype expression. A series of three intradermal injections of TGP elicits a long-lasting IgE antibody response in mice.
The regulatory mechanisms involved in isotype expression in general, and in the IgE response in particular, are poorly understood. Genetic factors appear to influence the tendency to produce IgE antibodies (1) (2) (3) (4) (5) . Antigens whose response is independent of helper T-cell activity, "T-independent antigens," generally do not elicit IgE antibodies (6, 7) , whereas parasite infestation (8) (9) (10) and certain adjuvants seem to preferentially stimulate an IgE response (11) (12) (13) . Animal models of the persisting IgE response that is seen in allergic humans have been achieved through various experimental manipulations that probably inactivate suppressor T cells (14) (15) (16) (17) .
It has been reported (18, 19 ) that one-third-of normal human subjects give immediate, presumably IgE-mediated, wheal and flare skin reactions to tobacco glycoprotein (TGP), a glycoprotein containing rutin (R)-like polyphenol groups, which is purified from cured tobacco leaves. A similar incidence of positive skin tests was observed in smokers and nonsmokers. In addition, when neonate rabbits are immunized with TGP their anti-TGP response is restricted to the IgE class (20) . Because of this unusual class preference in the response to TGP and because of its possible importance in the pathogenesis of pulmonary and cardiovascular diseases in human smokers we have studied. the response of mice to TGP. We report here that the repeated intradermal injection of TGP into mice elicits a long-lasting specific IgE response but elicits little or no hemagglutinating (HA) antibodies. The Antigens and Antibodies. TGP was isolated from cured tobacco leaves as described (21) . Albumin was obtained from Sigma. R-albumin and R rabbit immunoglobulin (R-RIg) were prepared as described (22) . Rabbit anti-TGP serum and rabbit anti-R-albumin serum were prepared as described (18, 22) .
HA Assay. The HA assay used was previously described (22) .
Sera were heat-inactivated (560C for 30 min) prior to. assay.
Comparison of R-Albumin and Albumin by Immunoelectrophoretic and HA Inhibition Assays. The molecular weights of albumin and of R-albumin were estimated by NaDodSO4/ polyacrylamide gel electrophoresis (23) and were found to be Mrs 67,000 and 125,000, respectively. Therefore, it can be concluded that z95 mol of R (Mr 610) were coupled to 1 mol of albumin.
Immunoelectrophoresis was used to determine if R-albumin was bound by rabbit antibodies to albumin. Albumin and R-albumin at 1 mg/ml were placed. in wells and were electrophoresed in 1.5% agarose containing barbital HCI buffer (pH 8.6; ionic strength = 0.05). Bromphenol blue was added as a tracing dye. After electrophoresis rabbit antiserum to albumin was added to the trough. Precipitation arcs of similar density were obtained with both antigens. The distances migrated from the origin by the proteins and the tracking dye were measured,, in the case of the proteins from the midpoint of their precipitin arcs, and Rf values were calculated. The Rf value for R-albumin was Wells were treated similarly with TGP at a concentration of 25 ,g/ml in coating buffer for 18 hr. The plates were then washed; 50 ,ul of dilutions of serum from mice immunized with TGP, from normal mice, from rabbits immunized with TGP, or from normal rabbits was added. The plates then were incubated for 18 hr at room temperature. After washing, the plates that had been treated with mouse sera were incubated with alkaline phosphatase-conjugated goat anti-mouse IgG for 2 hr at 37°C and plates that had been treated with rabbit sera were incubated with alkaline phosphatase-conjugated staphylococcal protein A for 90 min at 37C. The plates were washed, color was developed, and the optical density was determined as described above.
Immunization Schedule. LAF1 mice were injected intradermally at four sites with 100 ,ug of TGP, albumin, or R-albumin dissolved in a total of 1 ml of Pi/NaCl. The mice were given booster injections twice, at 1-month intervals, with 100 A.g of antigen precipitated in 50% alumina [Alhydrogel (superfos), Proc. Nad Acad. Sci. USA 80 (1983) detectable 3 days after the last booster injection, were present at high titer, and persisted for a prolonged period ( Fig. 1 B and C and Table 3 ). IgE antibodies to albumin and to R-albumin were still present 6 months after the last injection of antigen, at which time 87% (34/39) of the albumin-immunized mice and 88% (37/42) of the R-albumin-immunized mice had PCA titers of 1:40 or greater (Table 3) . Thus, the results suggest that the method of immunization, and not the nature of the antigen, is responsible for the unusual persistence of the IgE response. Specificity of the IgE Antibodies to Albumin and to R-AIbumin. The specificity of the IgE antibodies to albumin and to R-albumin was examined. Rats were sensitized with mouse antialbumin serum and were challenged 72 hr later with either albumin or R-albumin. Only albumin elicited PCA reactions, suggesting that, unlike the epitopes on albumin recognized by anti-albumin HA antibodies, the epitopes on albumin recognized by the anti-albumin IgE antibodies are modified by the conjugation of the R to albumin. On the other hand, both Ralbumin and albumin elicited PCA reactions in rats sensitized with mouse anti-R-albumin serum. However, R-RIg did not elicit PCA reactions in sites sensitized with mouse anti-R-albumin serum. Thus, the IgE antibodies produced in response to R-albumin appear to be mainly specific for epitopes associated with the albumin carrier rather than for the R group. Similarly, TGP, which contains R-like groups, did not elicit a PCA reaction in rats sensitized with IgE anti-R-albumin and Ralbumin failed to elicit a PCA reaction in rats sensitized with serum from mice immunized with TGP, suggesting again that the R-like group is not a major antigenic determinant. Comparison of the ability of albumin and R-albumin to elicit PCA reactions in rats sensitized with mouse anti-R-albumin serum indicates that the titer obtained with albumin challenge is somewhat lower, as compared with that obtained upon challenge with the immunizing antigen, R-albumin (Fig. 2B) .
Production of HA Antibodies by Mice Immunized with Albumin. The data presented in Table 2 , Fig. 2A, and Fig. 3A indicate that the mice immunized with albumin as described above produce HA antibodies to albumin in addition to IgE antibodies. HA antibodies are present 5 days after the final booster injection (the earliest time tested); their titer rises over the succeeding few days and remains high (1:2,180-1:10,240) for at least 3 months.
Production of HA Antibodies by Mice Immunized with RAlbumin. Sera of mice immunized with R-albumin were assayed for HA antibodies to R-albumin, to R. and to albumin by using HRBC coupled with the appropriate antigen. No HA antibodies to R were detected in any of the 20 sera assayed (Table  2) . HA antibodies to the R-albumin conjugate were detected in only 2 of the 20 sera studied and in those antisera, only a faint agglutination was observed at 1:10 dilution (Table 2) . Only low titers (generally ranging between 1:80 and 1:160) of anti-albumin HA antibodies were detected. Thus, in comparison with mice immunized with albumin, animals immunized with R-albumin have very low HA titers (compare Fig. 2A with Fig. 2B and Fig. 3A with Fig. 3B ). The low titer of HA antibodies to albumin detected in sera from R-albumin-immunized mice is in contrast to the high titer of IgE antibodies to albumin observed in these same sera. Thus, the data suggest that the pres- Time after third antigen injection, days (18) . Earlier studies suggested that TGP might have interesting immunologic properties because neonatal rabbits injected with it produce IgE antibodies but no HA antibodies (20) . In addition, the observation that one-third of normal human subjects have immediate, presumably IgEmediated, wheal and flare reactions upon intradermal injection of TGP (18) raises the possibility that sensitivity to TGP might play a role in the development of the vascular and pulmonary diseases associated with cigarette smoking. The findings that TGP can activate several mediator pathways, including the activation of factor XII (Hageman factor), the activation of the fibrinolytic system, and the generation of kinins (22), further emphasize the potential importance of TGP in the pathogenesis of disease. Therefore, we have examined in greater detail the immune response of mice to TGP.
The immunizing procedures that have been reported to stimulate IgE synthesis in experimental animals generally give rise to relatively transient responses (27, 28) that are down-regulated by suppressor T-cell activity (29) (30) (31) . Levine and Vaz (32) , using a very low dose of antigen in alum, obtained a longlasting IgE response, the persistence of which appears to depend upon repeated booster injections. The immunizing protocol described here (three intradermal injections of antigen, at monthly intervals, the first in saline and the latter two precipitated on alum) is interesting in that it elicits a prolonged IgE response, which persists in the absence of further booster injections for at least 6 months. This persistence presumably reflects a failure to stimulate suppressor activity.
It should be noted that some antiserum samples gave negative PCA reactions, whereas samples obtained several days before and after were highly reactive. This is probably a valid observation, as all negative PCA reactions were confirmed by retesting at 1:5 dilution. Cycling of antibody concentration, presumably due to a type of "feedback inhibition" by antibody, by anti-idiotype antibody, or by suppressor T cells, has been described (33) (34) (35) .
The immunization schedule described above elicits high-titered, long-persisting (>6 months) IgE and HA antibody responses to albumin. In contrast, when similarly immunized with R-albumin or TGP, mice have a high-titered, very long-lasting IgE antibody response but produce little or no HA antibodies. The data suggest that the presence of R groups on the immunizing antigen influences isotype expression by bringing about a depression of the production of isotypes other than IgE. The mechanism of this depression has not been elucidated in the present studies. The processes regulating isotype expression are poorly understood. It is known that certain antigens preferentially elicit antibody responses of particular class or classes (36) and that T-cell activity influences isotype expression (37) (38) (39) . However, to the best of our knowledge, no previous example has been reported in which the presence of a defined structural moiety on the antigen molecule influences isotype expression as does the R group in the studies described here. This is of particular interest in that R-like moieties are common in nature being present in numerous plants, including cocoa, coffee, ragweed pollen (40) , tobacco, and other members of the Solanaceae family (18) . Like TGP, some of these other R derivatives have been shown to be capable of activating factor XIIdependent pathways (22, 40) .
These data suggest that synthesis of different isotypes may be controlled by different sets of suppressor cells or possibly by different mechanisms entirely.
